Abstract -The phase and microstructural evolution, and critical current density of (Bi,Pb)-2223/Ag tapes prepared from a variety of precursor powders have been investigated. Correlations between the reaction kinetics, the microstructure and the critical current density are developed. A mechanism for the BSCCO-2223 phase formation depending on the precursor phase assemblage is presented. Magneto-optical imaging shows that high J, samples (Jc(77K, OT) -35Wcm') are well connected longitudinally but strongly sub-divided by longitudinal cracks. The performance of BSCCO-2223 tapes should be further improved by controlling the liquid phase to better heal the cracks.
I. INTRODUCTION Superconducting
Ag-sheathed (Bi,Pb),Sr,Ca,Cu,O, [Bi(Pb)-22231 tapes, produced by the oxide-powder-in-tube (OPIT) technique, have demonstrated the capacity to carry large currents at liquid nitrogen temperature for large scale engineering applications [ 1-31. However, problems of reproducibility and developing high critical current densities while scaling up to practical lengths still remain. The basic reason seems to be that the processing of such complex materials at both nanometer and macroscopic scales is inherently complex. Cai et al. [4] recently used magnetooptical imaging to directly demonstrate that the transport Jc of very high J, BSCCO-2223 tapes is more determined by their connectivity than by flux pinning and that an independent and much larger limiting influence on the Jc comes from unhealed cracks produced by deformation during the processing of the tapes.
Microstructural characterization of the Bi(Pb)-2223/Ag tapes is important for understanding the complex chemical, phase relations in the Bi(Pb)-2223 system, and in particular the nature of the Bi-2223 phase and its texture development. Thurston et al. [ 5 ] first showed that synchrotron x-ray scattering techniques can effectively characterize many of the structural properties of the Bi-2223 superconducting tapes, because the high energy synchrotron radiation can penetrate through the whole tape. Here we have studied a number of tapes prepared under different circumstances by normal Xray diffraction (XRD), scanning electron microscopy (SEM), Manuscript received Sept. 15 1998. The work at Birmingham was supported by CLRC-UK and EPSRC and at UW by EPRI, AFOSR and benefited from facilities supported by the NSF supported MRSEC.
high energy synchrotron X-ray diffraction and magnetooptical (MO) imaging, in order to identify the dependence of microstructure and superconducting properties on processing variables.
EXPERIMENTAL
Powders were prepared by the solid state reaction method with different starting compositions and different calcination conditions. The silver-sheathed monofilamentary 2223 tapes were produced with the same processing parameters described previously [6] . The as-rolled tapes had a width of 2.2 mm and an overall thickness of 0.2 mm. The uniaxial pressure of 2 GPa was applied to all tapes at each intermediate pressing stage between sintering. The silver sheath was mechanically removed by cutting the tape sides for conventional X-ray diffraction (XRD). XRD peak intensities were determined by measuring the integrated area of the respective peaks.
Powder diffraction experiments were carried out at the IJK SRS laboratory at Daresbury on station 9.1. According to The X-ray penetration dep$ measurement of Thurston et al. [5] , a wavelength of 0.4868A, corresponding to X-ra.y energy of 25.47 keV, was chosen in our experiments. An image-plate based on a Molecular Dynamics Scanner was used for phase composition measurements. The image-plate is very useful when a diffraction peak is very weak; in particular, for identifying minor phases. The distance between sample and image plate was about 300 mm in all the experiments. The accurate distance was calibrated by using standard silicon powder diffraction. The beam size was 0.5x0.5 mm2. The tape samples were attached horizontally to a holder using adhesive tape, and all patterns were recorded at room temperature. The beam was focused on the central area of the tape perpendicular to the tape surface. Samples for high energy X-ray diffraction and MO imaging are listed in Table 1 . MO 1 and MO3 were prepared for MO imaging by chemically removing the Ag cladding from a rolling plane face (the broad face of the tape) using a NH,OH/H,O, etch [7] . MO2 was examined without removing the Ag-cladding. MO imaging was performed by placing a ferromagnetic Bi-doped Y-iron-garnet film directly on the broad surface of the tape.
RESULTS AND DISCUSSION
A. Reaction kinetics of the Bi(Pb)-2223 phase and critical current density Twenty three tapes fabricated from precursor powders with different nominal compositions and different calcination conditions were analyzed. The resultant phase assemblages of the calcined powders were different; the major phase was always 2212, with minor secondary phases consisting of Ca,PbO,, CuO and Ca$uO,, the proportions of which depended on the particular combination of composition and calcination conditions. The optimum sintering temperature in air for these tapes to produce high Jc values was between 832 and 836"C [6] . The Bi-2223 formation in this temperature range was quite sluggish for some tapes, while for others it was quite fast. In order comprehensively to understand the reaction kinetics of the Bi-2223 phase, all the tapes were sintered at 836°C for 60 hours in air, regardless of precursor powder processing condition. This represents the first stage of the sintering/deformation cycles. The ratio of 2223 to 22 12 and 2223 phases after the first sintering, as determined by XRD, was chosen as a criterion for the conversion or formation rate of the 2223 phase, since the same mechanical deformation parameters were used for all the tapes. clear that the precursor powders, which exhibited a slower formation rate of the 2223 phase correlate to a higher final Jc value. As discussed previously [8] , one can control the formation rate of the 2223 phase by varying the nominal composition, phase assemblage and particle size of the precursor powder. However, studies by High et al. [9] have shown that non-superconducting phases grow more readily than the desired 2223 phase, due to lower activation energy for non-superconducting phase growth. One possible explanation why a slower formation rate of the 2223 phase corresponds to a higher final Jc value and a faster 2223 formation rate corresponds to a lower Jc is that the unreacted 2212 phase in the former case can react with the nonsuperconducting phases in the subsequent sinter stages, healing the cracks caused by the intermediate deformation between sintering. It can be seen in Fig. 1 that the data in the range of higher 2223 content are more scattered than those in the lower 2223 content range. Jc values are both higher and more reproducible from the precursor powders with a slower 2223 formation rate.
A combination of XRD and SEM examination established that the formation of the 2223 phase was always accompanied by the presence of Bi-2201 phase in tapes where the 2223 phase formed rapidly during the first cycle. It is believed that liquid is formed during the formation of the 2223 phase [lo] and is facilitated by the Ca,PbO, phase, which may be responsible for the faster formation of the 2223 phase in some tapes. We have suggested that extra liquid also leads to the rapid growth of alkaline earth cuprate, although the main role of the liquid phase is to promote the formation of the 2223 phase [6] 2201 layer between the 2212 and an amorphous region, which was considered to be liquid at the reaction temperature.
We have proposed that the formation of the Bi(Pb)-2223 phase is controlled by both the intercalation process and the liquid-assisted nucleation and growth, based on the effects of the precursor powder on the microstructure [SI. Fig.2 sketches the proposed variation of the Bi(Pb)-2223 formation rate with the phase assemblage of the precursor for the two proposed processes. We further postulate that the maximum rate of the liquid-assisted process is higher than that of the intercalation. The combined formation rate is given by a combination of the two curves, from which it can be seen that there exists a minimum rate of 2223 formation when neither process is rapid.
Within this model, it can be explained why a slower 2223 formation rate corresponds to a higher J, value and a faster formation rate corresponds to a lower J,, as shown in Fig. 1 . We believe that the phase assemblages in the tapes with slower formation rates are in the minimum rate region in Fig.  2 . In this case, the formation of 2223 phase was controlled by both the two proposed routes. Although the formation rate is slower, it avoids the formation of the large amounts of the Bi-220 1 and non-superconducting phases, while still maintaining enough liquid to heal the cracks caused by the intermediate deformation between sintering steps. So a higher J, value can be achieved with such precursors. In the maximum 2223 growth rate region of the liquid-assisted route (route l), we believe that rapid 2201 and nonsuperconducting phase growth is responsible for the lower J,. In the maximum 2223 rate region of the intercalation route (route 2), lack of liquid phase is the reason for lower J,, even though 2201 phase can be avoided by this route. According to Fig. 3 , one can change the formation rate, in principle, of both routes from fast to slow and vice versa by controlling the precursor phase assemblage. The relative amount of the 2201 phase did not change monotonically, but first increased during the initial two stages and began to decrease after the third stage. A similar trend was also observed in the SG tapes shown in Fig.4 .
The critical current density evolution with the thermomechanical cycle is also shown in Fig.4 . Although the amount of the 2212 phase shown in Fig.3 remained almost the same for tape SD after the second cycle, the J, value was improved significantly during the third and fourth cycles. One possible reason is that the decrease of the amount of' 2201 phase contributed to the improvement of J,. This is also the reason why we need two more sinteringldeformation cycles for a high Jc value even though the transfoimation of the 2212 to 2223 is nearly complete. Recently Wang et a1 [13] have also shown that the Jc can be improved by removing the residual 2201 phase through a two-step sintering process. The measurements of Cai et al. [4] showed that there also exist some blocking c-axis current paths. Bi-2201 grains may play a significant role in blocking the current since they always lie parallel to the Bi-2223 grain$ and must be traversed when c-axis current flow is required to transmit from one grain to another. Dark regions, especially in tape MO1 are well connected. As suggested by Han et al. [14] , both rolling and pressing are inhomogeneous deformation processes. Although the critical current density was significantly improved after the fourth HT cycle shown in Fig. 4 , the MO images indicate that cracks in the pressed tapes have not been fully healed during the final heat treatment. which is consistent with the SEM
C. Magneto-optical imaging

